) (C 6 H 6 
There has been great progress in the development of new alkane activation catalysts based on mechanisms ranging from oxidative addition (OA) to σ-bond metathesis (SBM) and electrophilic substitution (ES). However, a commercially viable catalyst has yet to be announced. We analyze here the mechanism responsible for C-H activation in a recent system published by us and identify it as an internal electrophilic substitution (IES). On the basis of this IES mechanism, we suggest guidelines for choices in metals and ligands expected to have activation barriers lower than those of currently known catalysts.
Recently, we published a joint experimental/theoretical account of the first intermolecular C-H activation reaction with a late metal-alkoxo complex, (acac-O,O) 2 Ir III (OMe)(Py) (1). 1 The mechanism for the C-H activation step was tentatively described as a SBM, on the basis of the geometry of the reacting atoms in the transition state (TS1; see Figure 1 ). Gunnoe and Cundari studied the H/D exchange for a similar reaction catalyzed by TpRu(PMe 3 )(OH) (2) 2 and also proposed that the operative mechanism resembles SBM. 2a However, a more detailed analysis of TS1 shows that this earlier assignment was incorrect. We report here the computational analysis of TS1 plus a more detailed study of a simplified model system. This shows that the mechanism is not traditional SBM; rather, it reacts through a mechanism we denote as internal electrophilic substitution (IES). This is most likely analogous to the mechanism for metal-catalyzed dihydrogen cleavage, 3 as postulated by Gunnoe et al. 4 In addition, Gunnoe et al. pointed out the possibility that the lone pair could be important for this type of transformation, 4 although, to the best of our knowledge, no orbital analysis of either H-H or C-H cleavage under these conditions has been conducted. Also, it might be related to the well-known early-metal MdNR 2 type C-H activation, which reacts through a [1,2]-insertion mechanism. 5 The calculations were performed using the B3LYP functional with the LACVP** basis and effective core potential treatment of the Ir (17 explicit electrons), as implemented by the Jaguar 6.5 program package. 6 Orbital analysis was performed by localizing orbitals using the Pipek-Mezey (PM) methodology as well as single-point GVB calculations. Although only the PM orbitals are shown in this report, both sets of orbitals agree.
To ensure that the calculated mechanism is not a computational artifact, we compared calculated and experimental deuterium kinetic isotope effects (KIE). The computationally predicted KIE (k H /k D ) for TS1 was calculated to be 3.2. 7 The experimental KIE was determined to be 3.04 ( 0.20 by reaction of 1 with neat 1,3,5-trideuteriobenzene (see the Supporting Information for details), in very good agreement with the theoretical KIE. It should be noted that we do not expect to be able to differentiate between, for example, SBM and IES solely on the basis of the predicted KIE. However, the convergence * To whom correspondence should be addressed. E-mail: oxgaard@ wag.caltech.edu, (J.O. between experimental and theoretical KIE's strongly indicates that the theoretical description of the transition state is correct. The impetus for this investigation was the question of whether the lone pair of the alkoxo group participates in the reaction, as illustrated in Figure 2 . In this conceptual view, we expect that the M-O bond is transformed into an oxygen lone pair (which eventually coordinates to an empty d orbital on the metal) while the O-H bond is formed from one of the lone pairs. This is unlike SBM, where the X-H bond is based on the same orbital as the X-M bond (Figure 2 , left). 8 The formerly bonding C-H orbital, on the other hand, should in the transition state be delocalized over both the breaking C-H bond and the forming M-C bond, as would be expected from a traditional SBM TS. Finally, in the IES mechanism, the migrating hydrogen must cross an orbital's nodal plane during the reaction, while in SBM it does not.
Orbital 4 , was chosen to minimize interference from lone pairs on the spectator ligands. The energetics from the model transformation are reasonably similar (∆H ) -8.6 kcal/mol, ∆H q ) 14.5 kcal/ mol, as compared to -16.7 and 8.4 kcal/mol for the Ir(acac) 2 -(OMe)(C 6 H 6 ) system). A model compound with an even closer energetic profile could most likely be found, but we do not expect this to make any difference to our conclusion, especially since our calculations on TS1 exhibit a similar orbital picture, albeit with significant interference from the π orbitals on the acacs.
The reacting localized orbitals are shown in Figure 3 and clearly correspond well to the conceptual orbitals shown in Figure 2 . Particularly interesting is the lack of sign change in the reacting orbitals, which is contrary to the SBM mechanism (see Figure 2 , left).
The bottom left orbital in Figure 3 corresponds to the bonding CH 3 -H orbital that donates to an empty d orbital on the metal in the form of a σ complex. During the reaction coordinate this orbital swells out to allow for a bonding interaction with both the metal and the H and eventually shrinks back to form a bonding M-CH 3 orbital. Even though the orbital is chiefly centered on the ligand, it is clear that some electron density has been donated to the metal d orbital in the top right structure.
The changes in the other two orbitals are less obvious. The oxygen lone pair changes spatial direction due to the changes in geometry during the reaction but retains its overall shape. The same is true for the bonding M-O orbital, although there appears to be some bonding character to the H in the transition state.
By following the charges on the four reacting atoms during the transformation (Mulliken charges on select IRC points shown in Figure 4) , we see that some charge reorganization occurs, particularly in the hydrogen, which goes from 0.21 e in the starting material, through 0.37 e in the TS and ending at 0.38 e in the product. Intriguingly, the charge on H is actually greater just after the TS, peaking at ∼0.41 e. The charge on the iridium, on the other hand, changes very little, from -0.06 e through -0.10 e to -0.05 e. The methyl group develops more negative character in the TS, from 0.06 e to -0.06 e, and reaches -0.14 e in the product. The OH group changes little before the TS (from -0.35 e to -0.29 e) but becomes significantly more positive after the TS, ending up at -0.16 e in the product. The balance of charge is donated to the spectator ligands, with no particular concentration. Overall, electron density is thus transferred mainly from the hydrogen and the OH group to the methyl group and the spectator ligands, the latter presumably through the iridium.
On the basis of this analysis, it appears that an electrophilic metal activates the C-H bond by generating a positively charged hydrogen. This type of mechanism is well-known in related mechanisms involving platinum, 9 palladium, 10 and gold 11 and is normally referred to as "electrophilic substitution". 12 None of the previously known systems are directly bonding to the base which abstracts the hydrogen, however, which is a marked distinction, and we thus label this variant of the mechanism "internal electrophilic substitution", or IES.
It should be noted that an analogue of the IES mechanism has been known for quite some time in the field of metalcatalyzed dihydrogen activation, where it is referred to as "heterolytic cleavage". 3 This appears to be an overly broad term, however, as there does not appear to be a consensus regarding the details of this mechanism. Indeed, while the possibility that the lone pair does play a major role has been pointed out, 4 the transition state has also been described as a quadropolar ionic transition state or as a SBM. 2a,3a We expect that the mechanistic analysis presented for the CH 4 case is equally valid for H 2 (which would rule out SBM), and we are currently investigating suitable systems for a detailed analysis. Furthermore, despite the small peak in charge reorganization in the latter part of the IES, it is more reminiscent of an asymmetric sigmatropic rearrangement than a quadropolar transition state (which, in our view, implies a mainly ionic transition state) and we thus do not believe this term is fitting for the current mechanism.
While the definition of precise language regarding mechanisms is worthwhile in its own right, the ultimate utility is whether it provides sufficient insight into the chemistry to suggest improved catalysts. We expect that the internal aspect of the IES would not benefit from changes due to substitutions in the M-XR moiety, as a change affecting the energy of the lone pair would equally affect the energy of the M-X bond. Indeed, preliminary calculations on Ir(acac) 2 (X)(C 6 H 6 ), where X ) OCH 3 , OCF 3 , NH 2 , indicates that this assumption is correct, as the barriers change less than 2 kcal/mol.
Conversely, making the metal more electrophilic by removing electron density should promote the transfer of the hydrogen, thereby reducing the barrier. Preliminary calculations on the analogous fluorinated model complex Ir(CH 3 ) 2 (NF 3 ) 2 (OH)(CH 4 ) show that replacing the NH 3 groups with NF 3 groups reduces the barrier by 6.8 kcal/mol.
Furthermore, the use of the lone pair might require a d 6 (or higher) metal, since a lower d occupation on the metal could stabilize the lone pair through the formation of an oxo species. Indeed, preliminary calculations on a singlet d 4 Re(acac) 2 system shows that the barrier for C-H activation increases by up to 20 kcal/mol. (However, we have not yet established that the higher barrier is caused by stabilization of the lone pair.)
On the basis of the IES mechanism we can now suggest strategies for the design of more reactive M-X type C-H activation catalysts. First, we suggest focusing on d 6 and higher metals, preferably with highly donating d orbitals that are expected to repulse the M-X lone pair. Second, low electron density on the metal is advantageous, which would suggest Pt II and Pd II centers. However, since the d orbitals on these systems are not particularly donating, it is possible that a compromise must be found between the electrophilic center and the energy of the d orbital. Thus, in addition to the reported systems featuring Ir III and Ru II , we suggest Os II and possibly Re I as likely candidates. Finally, regardless of which metal is used, it is clear that ligands with low electron-donating character are beneficial. Thus, we predict that replacing the acacs in 1 with an electronwithdrawing analogue (1,1,1,5,5,5-hexafluoropentane-2,4-dionate) or replacing the PMe 3 group in 2 with PF 3 or OH 2 would improve the barriers by 3-4 kcal/mol.
